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As the penetration level of renewable energy sources, such as photovoltaic (PV) and
wind power, becomes more and more prevalent, their unpredictable and intermittent
nature increases the probability of a mismatch between the produced power and the
demand. The reliability, stability, and power quality of the grid degrade if proper
actions to overcome these problems are not taken into account. One solution is to
utilize an electrical energy storage (EES), such as a battery.
The purpose of this thesis is to provide an insightful and meaningful comparison
between the diﬀerent power electronic topologies utilized in PV-EES distributed
generation (DG) systems. One- and double-stage schemes and ac-interfaced bat-
teries are investigated and compared. The topologies are compared on the basis of
part count, component sizing, reliability, eﬃciency, modularity, and control system
complexity. The constraints in each approach are identiﬁed. The comparisons are
conducted by analyzing the topologies and performing real-time simulations.
Based on the aforementioned analysis, it is shown that the addition of the bidirec-
tional dc-dc converter (double-stage inverter) is necessary if the battery terminal
voltage is lower than that required for the direct (single-stage) inverter connection.
The same applies to the PV modules. Furthermore, the double-stage topology al-
lows more ﬂexibility in the dc-link voltage selection. Thus, the employed control
techniques can operate the inverter in a more eﬀective way leading to lower total
harmonic distortion (THD) as well as a reduction in the hardware requirements (e.g.
ﬁlter size). Also, due to the cascaded control scheme of the inverter, faster regula-
tion of the PV voltage can be implemented in the double-stage scheme. However,
the single-stage inverter is more eﬃcient owing to the less power conversion stages
involved. As demonstrated by simulations with real irradiance data, the battery
can be used for intermittency mitigation to compensate the ﬂuctuations in the PV
power (power balance), thus providing constant power to the grid.
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Uusiutuvien energialähteiden, kuten aurinko- ja tuulivoiman, tuotantoon liittyvä
epäsäännöllisyys aiheuttaa ongelmia verkon tuotannon ja kulutuksen tasapainot-
tamisessa. Mitä suurempi osa verkkoon syötettävästä tehosta saadaan näistä en-
ergiamuodoista, sitä enemmän energian tuotannon ennustettavuus heikkenee, ellei
keinoja tasoittaa tuotantoa ole otettu huomioon. Yksi ratkaisu on hyödyntää sähköi-
siä energiavarastoja, kuten akkuja, hajautetussa sähköntuotannossa.
Tämän diplomityön tavoitteena on vertailla erilaisia topologioita sähköisten ener-
giavarastojen liittämiseksi aurinkosähkögeneraattoriin hajautetun sähköntuotannon
hyödyntämiseksi. Vertailluissa topologioissa akku on kytkettynä dc-dc hakkurin
kautta joko aurinkopaneelin terminaaleihin tai dc-välipiiriin tai ilman dc-dc hakkuria
suoraan vaihtosuuntaajaan. Topologiat asettavat rajoitteita järjestelmän parame-
treille, säädön toteutukselle, energiatehokkuudelle, modulaarisuudelle ja hinnalle.
Vertailu on toteutettu analysoimalla topologioita ja suorittamalla reaaliaika-simu-
lointeja.
Analyysin perusteella akun dc-dc hakkuri on välttämätön erityisesti, jos akun na-
pajännite ei ole tarpeeksi suuri suoraan vaihtosuuntaajaan kytkemisen mahdollis-
tamiseksi. Sama rajoitus koskee aurinkopaneelien dc-dc hakkuria. Lisäksi dc-dc
hakkureilla saavutetaan joustavampi dc-välipiirin jännitteen valinta, joka mahdol-
listaa vaihtosuuntaajan säädön optimoinnin. Tämän ansiosta verkkoon syötetyn
virran kokonaisharmoninen särö vähenee ja suotimien kokoa voidaan pienentää.
Invertterin säätäessä aurinkopaneelien jännitettä säädön on oltava kaskadisäätö,
joten säätö voidaan toteuttaa nopeammaksi hyödyntämällä dc-dc hakkuria. Akun
liittäminen suoraan vaihtosuuntaajaan kuitenkin kasvattaa tehonmuuntosuhdetta,
sillä dc-dc hakkurin tehohäviöt jäävät pois. Lisäksi työssä simuloitiin todellisen
säteilyvoimakkuusdatan avulla akun käyttöä aurinkopaneelien tuottaman tehon hei-
lahtelujen kompensoimisessa.
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11. INTRODUCTION
Global warming is one of the greatest crises in modern society. The challenges have
driven the adoption of renewable energy sources, such as solar and wind power. By
utilizing these sources it is possible to provide electricity without damaging natural
resources. With a continuous reduction in system cost, these technologies have
become one of the main renewable energy sources for the electricity supply.
However, these energy sources tend to be less reliable compared to conventional ones
due to their unpredictability and intermittent nature. Their availability has strong
daily and seasonal patterns, and the power demand might possess a totally diﬀerent
characteristic than the production has. Fig. 1.1 shows the measured irradiance
levels on 3 diﬀerent days from the solar panels at Tampere University of Technology
(TUT). It is clear, that especially on half-cloudy days, the irradiance on the PV
panels can experience rapid ﬂuctuation. This behavior also introduces ﬂuctuation to
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Figure 1.1 Daily irradiance data measured from the solar panels at the Solar Photovoltaic
Power Station Research Plant of Tampere University of Technology (TUT) located in Fin-
land (61.451°N 23.858°E) with 10 Hz frequency. The blue line represents a sunny day, the
green line a half-cloudy day, and the black line a cloudy day
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the produced power. Therefore, the probability of a mismatch between the produced
power and the demand increases.
As the penetration level of these energy sources becomes more and more prevalent,
the reliability, stability, and power quality of the grid degrade if proper actions
to overcome these problems are not taken into account. One way to solve these
problems is to store energy by using an electrical energy storage (EES), such as a
battery. Since EESs can be used to provide grid support and smooth the output
of the intermittent renewable energy sources, their research has gained increasing
interest over the last years.
Both photovoltaic (PV) and EES systems require power electronic converters in
order to be controlled and connected to the grid. Numerous topologies exist for
this purpose. The optimized solution is aﬀected by a variety of requirements and
limitations, such as the chosen application, rating of the system, and the chosen PV
system.
The purpose of this thesis is to provide an insightful and meaningful comparison
between the diﬀerent power electronic topologies utilized in a PV-EES distributed
generation (DG) system. In order to make this feasible, the focus is on the following
three basic topologies:
(1) Single-stage PV inverter and EES connected to a bi-directional dc-dc converter
at the PV generator terminals
(2) Double-stage PV inverter and EES connected to a bi-directional dc-dc con-
verter at the dc-link
(3) Single-stage PV inverter and EES connected to its own inverter
The chosen topologies are compared regarding part count, component sizing, relia-
bility, eﬃciency, modularity, control system complexity, etc. The comparisons are
conducted by analyzing the topologies and performing real-time simulation tests
based on the platforms from Typhoon HIL and Imperix.
This thesis is structured as follows. Chapter 2 discusses brieﬂy the characteristics of
PV generators (PVGs) and EESs. The required small-signal models are derived. In
Chapter 3, the models are combined by integrating the EES with the PV inverters
using diﬀerent topologies. These topologies are then compared according to the
aforementioned criteria. The comparisons made are then assessed with simulations
in Chapter 4. Finally, Chapter 5 summarizes the highlights of the thesis.
32. GRID-CONNECTED PHOTOVOLTAIC
GENERATORS AND AN ENERGY STORAGES
In this chapter, the electrical characteristics of PVGs and EESs are shortly discussed.
The small-signal models are derived for current- and voltage-fed inverters, a PV
boost converter, and a bi-directional dc-dc converter.
2.1 Photovoltaic Generator
This section presents the working principle of a PV generator. The V-I and V-P
characteristics and the maximum power point (MPP) are presented. The perturb
and observe (P&O) MPP tracking (MPPT) algorithm is introduced.
A PV generator is internally a power and voltage limited current source. The elec-
trical behavior of the PV cells depends on the environmental factors, such as the
irradiance level and the ambient temperature, which makes the modeling demanding
compared to other more traditional power sources, such as batteries.
In this thesis, the PV cells are modeled using the one diode model presented in
Fig. 2.1. According to the model, the current produced by the PV cell can be
expressed as
ipv = iph   io

exp

vpv + rsipv
Avt

  1

| {z }
id
 vpv + rsipv
rsh
; (2.1)
where iph is the light generated current, io the dark saturation current of the cell, vpv
the voltage across the cell, rs the parasitic series resistance, rsh the shunt resistance,
A the ideality factor, and vt = kT=q the thermal voltage of the cell, where k is the
Boltzmann constant, q the elementary charge, and T the temperature. Finally, id is
the diode resistance.
The electrical characteristics of the PV cell are presented in Fig. 2.2. The solid
curve presents the produced current as a function of the voltage across the PV cell
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Figure 2.1 PV cell one diode model.
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Figure 2.2 PV current, power, dynamic resistance, and capacitance as a function of
voltage relative to the MPP values.
relative to the maximum power point (MPP) values. This is the operating point at
which the highest power is produced. In the constant-current (CC) region (see the
ﬁgure), the electrical behavior of the PV cell can be considered similar to a constant
current source since the variation of the current is relatively small. In the constant-
voltage (CV) region (see the ﬁgure), the characteristics resemble a constant voltage
source since the variation of the voltage is relatively small. At the operating point
where the voltage across the PV cell is zero, the PV cell is short-circuited and a
short-circuit current ﬂows through it. At the operating point where the current is
zero, the PV cell is in open-circuit and the voltage across it is called the open-circuit
voltage.
Consequently, the power generated by the PV cell depends on the operating point
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as well. The corresponding power, shown in Fig. 2.2 as a dashed line, is normalized
based on the maximum power. In addition, the dynamic resistance rpv = rdkrsh + rs
and static resistance Rpv = upv=ipv are also presented in Fig. 2.2, which are nonlin-
ear and highly dependent on the operating point [25, 29].
Since the current and voltage per cell are considerably low, multiple cells are con-
nected in series and in parallel in order to achieve higher voltage and power levels.
Each series connection increases the maximum voltage and each parallel connection
increases the maximum current of the system. The MPP voltage across a silicon
solar cell is 0.6 V under standard test conditions (25°C and standard AM1.5 illumi-
nation of 1 kW/m2). Typically, one module contains 36 cells set in series, resulting in
an open-circuit voltage of 25 V under standard test conditions, and a MPP voltage
of 21.6 V.
Since the produced current is most often considerably smaller than the voltage
across the PV cell, the variation of the absolute value of the current around the
MPP is relatively smaller than that of the voltage. Thus, the MPP current is
relatively closer to the short-circuit current than the MPP voltage to the open-
circuit voltage. In addition, the MPP current is highly dependent on the irradiance
level, which introduces more rapid changes compared to the MPP voltage. The
latter, on the other hand, depends mostly on the temperature with only moderate
changes. This can be clearly seen in Fig. 2.3 where the MPP current and voltage are
presented as a function of irradiance for diﬀerent temperatures. Therefore, input
voltage feedback control is considered as a more appropriate method to control a
PV converter compared to input current feedback control, as discussed also in [44].
The control is executed by utilizing an MPPT, which is discussed in Section 2.1.1.
However, when considering the current and voltage across multiple PV cells, the
shape of the V-I and V-P curves can vary greatly due to conditions such as partial
shading, as discussed in detail, for example, in [23]. When multiple PV cells are
connected in series, the PV cell with the lowest short-circuit current limits the
current of the whole series connection [42]. In addition, there may be more than
one local MPP due to the more complicated shape of the I-V curve, which further
complicates the MPPT.
Therefore, in certain situations, such as under partial shading conditions, when the
MPP of one or more PV cells is signiﬁcantly decreased due to partial shading of the
cells, the eﬃciency of the whole system deteriorates. More speciﬁcally, this eﬀect is
spread to the other non-shaded cells connected in series with the shaded ones, thus
the harvested PV power is reduced. These losses are referred to as mismatching
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Figure 2.3 The MPP current and voltage of a single PV module as a function of irradiance
for diﬀerent temperatures
losses. Fortunately, they can be reduced moderately by the use of bypass diodes set
in parallel with the cells. As discussed in [23], long series connections of PV modules
are those most severely aﬀected by partial shading conditions.
The power electronic interfaces of PV systems have two main tasks. First, to control
the terminal conditions of the PV module in order to maximize the produced energy.
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Secondly, to convert electricity from dc, as produced by the PV array, to ac in order
to supply the grid. This should be done at as high eﬃciency as possible and over
a wide range since the irradiance levels are highly ﬂuctuating. The connection to
the grid is realized with an inverter. However, an additional dc-dc converter can be
placed in between the PV array and the inverter in order to increase the voltage
level and thus allow optimized design of the inverter. Both topologies have their
advantages and disadvantages, which are discussed in detail in Chapter 3.
2.1.1 Maximum Power Point Tracking
A PV cell produces maximum electricity when it operates at the MPP. This point
is subjected to changes in the atmospheric conditions to which the cell is exposed.
The goal of the MPPT is to control the switching of the converter in order to adjust
its input voltage to match the MPP voltage of the PV array. Various algorithms
have been implemented, such as perturb and observe (P&O) algorithm, incremental
conductance algorithm, and sliding mode control [22]. In this thesis, only P&O is
discussed.
When using P&O MPPT algorithm, the circuit increases or decreases the voltage
across the PV array by a small amount MPPT (perturbation) and measures the
produced power. If the power increases by an equal amount, the reference voltage
Vref is increased or decreased further until the optimal setting is reached. Otherwise,
the sign of the perturbation is changed. P&O achieves good eﬃciency but it can be
sluggish and result in oscillations when not properly designed. An example of the
algorithm is provided in Figure 2.4.
Due to partial shading conditions, the MPP can vary greatly among the diﬀerent PV
cells and/or modules. Thus, advanced systems process each group individually using,
for example, dc-dc converters, in order to avoid mismatching losses. In addition,
there may also be more than one local MPP, which calls for even more complex
MPPT algorithms in order to track the global MPP. However, P&O is used in this
Thesis due to its simplicity.
2.2 Electrical Energy Storage
In this section, the characteristics of diﬀerent EESs are shortly discussed. However,
the focus is on lithium-ion batteries.
There are various technologies to store energy, such as superconducting magnetic
energy storages, electric double-layer capacitors, ﬂywheels, batteries (e.g., lead-acid
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Figure 2.4 Perturb and observe (P&O) MPPT algorithm.
batteries, lithium-ion batteries), pumped hydro energy storages, and compressed air
energy storages [11]. Each of the source types has its advantages and disadvantages
depending on the application. The key performance criteria taken into account when
renewable energy integration is of concern include, among others, energy storage
capacity, power output, and lifetime [37].
Lithium-ion batteries have become a popular form of EESs due to their high charge
and discharge eﬃciency and high energy density. This can also be seen in Fig. 2.5
where the power and energy densities of various EESs are presented. Moreover,
other main advantages of this battery technology are high energy-to-weight ratios,
lack of memory eﬀect, and a low self-discharge rate [11, 37].
In lithium-ion batteries, the movement of lithium-ions between the anode and cath-
ode produces a current ﬂow. The battery is charged when the ions move from the
metal oxide cathode to the graphitic-carbon anode; motion to the opposite direction
discharges the battery [11]. If the battery is charged at a rate faster than lithium
can homogenize in an active particle by diﬀusion, this inhomogeneous distribution of
lithium causes stress which may fracture the particle [45]. In addition, the internal
resistance can produce internal heat-up and failure and the batteries are very sensi-
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Figure 2.5 Power and energy densities of diﬀerent EESs [9]
tive to over- and undercharge. Therefore, to ensure safe operation, it is necessary to
use a battery management system to provide at least over-voltage, under-voltage,
over-temperature, and over-current protection [37].
Battery voltage varies depending on multiple factors, such as, the state-of-charge
(SoC). The battery terminal voltage can be modeled as
vbatt = Ns  E0  Ns K Np Q
Np Q Qt + Ns  A  e
 NpBQt  Rint  ibatt ; (2.2)
where vbatt is the battery terminal voltage, Ns and Np are the numbers of series
and parallel connected cells with the capacity Q per cell, E0 is the battery constant
voltage, K is the polarisation voltage, Qt =
R
ibattdt is the actual battery charge,
A is the exponential zone amplitude (V), B is the exponential zone time constant
inverse (Ah 1), Rint is the internal resistance, and ibatt is the battery current. Fur-
ther information about this model, such as how to extract the model parameters,
can be found, for example, in [24, 34]. The relation between the battery charge and
the battery terminal voltage is demonstrated in Fig 2.6.
Based on the desired power Pbatt, the current can be given as
ibatt =
Pbatt
vbatt
: (2.3)
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Figure 2.6 The battery terminal voltage as a function of the discharge capacity for a
lithium-ion battery cell
The SoC (%) can be determined as
SoC = 1  Qt
Np Q: (2.4)
Battery discharge current is indicated with a C-rate, which is a measure of the rate
at which the battery is discharged with respect to its maximum capacity [33]. A
C-rate of 1C means that the discharge current will discharge the entire battery in
1 hour. For a battery with a capacity of 100 Ah, this equates to a discharge current
of 100 A. Forcing ultra-fast charging adds stress, even if the battery is designed for
such a purpose. Thus, in order to secure a long lifetime for the battery, the current
should be limited. Commonly, with lithium-ion batteries, a limit of 1C is considered
a good limitation for this purpose, with an absolute maximum of 2C [8]. The battery
current limits can be calculated based on the C-rate according to
ibatt max = CrNpQcell; (2.5)
where Cr is the C-rate.
The number of battery cells demanded depends on the full operating power re-
quirements. The current depends on the battery voltage at the same conditions.
In Fig 2.7 are shown the power and current as a function of C-rate when 200 V
voltage is assumed. Thus, the power presented in this ﬁgure can be preserved as
long as the voltage does not decrease lower than 200 V. It should be noted, that
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Figure 2.7 The maximum allowed current and the power it produces as a function of the
C-rate with N 3.6 Ah batteries connected in parallel. The battery voltage is assumed to be
200 V for all the cases
if the power needs to be increased, it can be achieved not only by increasing the
C-rate or setting more batteries in parallel, but also by setting more batteries in
series and, thus, increasing the voltage.
In order to avoid the battery cells discharging on their own it is important that the
voltages and charges of the cells are close to each other. Therefore, battery packs
utilize a battery management system (BMS) controller which estimates the SoC and
state of health (SoH) of each battery cell and applies charge equalization to balance
the charge of all the cells in the pack [30]. The most important task of a BMS is to
protect the battery cells from overcharge and undercharge.
Most often, EESs require an additional equipment to adapt their output voltage or
current to the required level. This is the case with batteries, since their dc output
has to be converted to the ac voltage level of the grid. Depending on the application,
the power converter has to allow the connection between two diﬀerent dc buses or
a dc voltage bus and an ac voltage bus. Methods to achieve these are presented in
Sections 2.3 and 2.5.
There are various approaches to utilize grid-connected EESs. As discussed in Chap-
ter 1, the intermittent nature of the two fast growing energies, i.e., wind and solar,
cause voltage and frequency ﬂuctuations in the grid and increase the potential for
unbalance between power generation and demand. PV generation systems cannot
meet the grid and user requirements for power quality if they depend only on their
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Figure 2.8 The idea of ramp-rate control using a battery to compensate for the power
produced by PV panels. The derivative of the total power is limited to 2 W/s
own power supply capacity [12].
EESs can be used, for example, for load leveling, which refers to the usage of EES
to supply peak electricity demand by charging the EES during low demand and
discharging during high demand, as demonstrated in [38]. EES can be a potential
alternative to peaking power instead of using, for example, gas turbines. Energy
arbitrage refers to earning proﬁt by charging EES with cheap electricity and selling
the stored energy at a higher price during peak demand [37], thus optimizing the
proﬁt.
The rapid power changes in PV power plants produce voltage ﬂuctuations, which
can be reduced with EESs by intermittency mitigation, i.e., by matching the supply
to the demand [37, 31]. This has been demonstrated, for example, in [18]. The
ﬂuctuations in the PV power can be smoothened by utilizing a ramp-rate control
scheme, in which the EES charges and discharges in a way that compensates only
for the ﬂuctuations that have higher derivative than a chosen limit. The idea of this
control is presented in Fig. 2.8. Also blackouts and other long-period interruptions
can be prevented by utilizing EESs. As a result, the reliability of the grid can be
further increased.
Unlike conventional synchronous generators, such as gas or steam turbines, PV
power plants do not normally provide any rotational inertia. This creates yet another
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Figure 2.9 Current-fed inverter with LCL-type output ﬁlter
application of EESs to provide inertia emulation [37]. Due to their fast response be-
havior, batteries are suitable for providing either fast frequency (and voltage) control
or synthetic rotational inertia [35].
2.3 Small-Signal Modeling of a Photovoltaic Inverter
In this thesis, the inverters are analyzed as two-level three-phase inverters. LCL-
type ﬁlters are used to ﬁlter out the switching ripples. The PV inverter is depicted in
Fig. 2.9. The ﬁlter inductors are depicted with L1 and L2 and their equivalent series
resistances with rL1 and rL2, respectively. The ﬁlter capacitor is depicted with Cf and
the symbol Rd is used to depict the combination of the ﬁlter-capacitor equivalent
series resistance (ESR) value and the damping resistor. The dc-side capacitor is
depicted with C. As justiﬁed in Section 2.1, the converters in PV applications
control usually their input voltages. Thus, they are analyzed as current-fed current-
output converters.
Inverters are generally controlled with decoupled d-q vector control. Various other
controlling methods have also been developed, such as proportional resonant con-
trol, model predictive control, and even control methods based on artiﬁcial neural
networks, demonstrated in [21, 20, 17], respectively. However, in this thesis, only
the standard d-q control is applied.
Since the upper and lower switches are switched in a complementary manner, it is
suﬃcient to model only the duty ratios of the upper switches as system inputs. The
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state, input, and output vectors are chosen as
x =
h
iL1d iL1q iL2d iL2q vCfd vCfq vC
iT
u =
h
iin vod voq dd dq
iT
y =
h
vin iL1d iL1q iL2d iL2q
iT
;
(2.6)
where iL1d and iL1q are the inverter current d and q components, respectively, iL2d
and iL2q the grid current d and q components, respectively, vCfd and vCfq the d and
q components of the voltage across the ﬁlter capacitor, respectively, vod and voq are
the grid voltage d and q components, respectively, dd and dq the modulation index
d and q components, respectively, and vC is the voltage across the input capacitor,
vin the voltage across the input source, and iin the input source current.
In order to model the inverter, the moving average in state space model is used [10].
The method is widely used for modeling of switched power converters operating
with sinusoidal pulse width modulation (SPWM) control. It consists of obtaining
the weighted average state of the circuit with respect to the operating duty cycle
over a switching period. In order to derive the average model of the system, the
Kirchoﬀ's voltage and current laws are utilized to derive the diﬀerential equations
that describe the dynamics of the system. Then, the steady state operating point
can be determined by setting the derivatives to zero and substituting all variables
with their corresponding steady-state values.
Finally, according to [10], a linear model of the converter is derived to describe its
behavior to small variations around the operating point. This is done by lineariz-
ing the average model at the steady-state operating point by using the ﬁrst-order
expansion of the Taylor series. Thus, the small-signal dynamics are given in state
space form
_x = Ax+Bu
y = Cx+Du;
(2.7)
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where the matrices A, B, C, and D are deﬁned as
A =
266666666666666666666666666664
 rL1 + Rd
L1
!s
Rd
L1
0   1
L1
0
Dd
L1
 !s  rL1 + Rd
L1
0
Rd
L1
0   1
L1
Dq
L1
Rd
L2
0  rL2 + Rd
L2
!s
1
L2
0 0
0
Rd
L2
 !s  rL2 + Rd
L2
0
1
L2
0
1
Cf
0   1
Cf
0 0 !s 0
0
1
Cf
0   1
Cf
 !s 0 0
 3Dd
2C
 3Dq
2C
0 0 0 0 0
377777777777777777777777777775
B =
2666666666666666664
0 0 0
Vin
L1
0
0 0 0 0
Vin
L1
0   1
L2
0 0 0
0 0   1
L2
0 0
0 0 0 0 0
0 0 0 0 0
1
C
0 0  3IL1d
2C
 3IL1q
2C
3777777777777777775
C =
26666664
0 0 0 0 0 0 1
1 0 0 0 0 0 0
0 1 0 0 0 0 0
0 0 1 0 0 0 0
0 0 0 1 0 0 0
37777775
D =
h
0
i
55
:
(2.8)
The capital letters refer to the steady-state values and the dot above a variable
refers to its time-derivative. By utilizing the Laplace transformation, the open-loop
transfer functions from d^d to i^L1d (GcLdd o), d^q to i^L1q (GcLqq o), and d^d to v^in
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Figure 2.10 Control block diagrams of a VSI inverter controlling its input voltage and
output currents
(Gcid o) can be solved from G = C(sI  A) 1B +D, i.e.
Y = GU =
266666666664
Zin o Toid o Toiq o Gcid o Gciq o
GiLd o ToLdd o ToLqd o GcLdd o GcLqd o
GiLq o ToLdq o ToLqq o GcLdq o GcLqq o
Giod o  Yodd o  Yoqd o Gcodd o Gcoqd o
Gioq o  Yodq o  Yoqq o Gcodq o Gcoqq o
377777777775
U ; (2.9)
where the Z, Y , G, and T , depict the transfer functions between the input and
output variables.Note, that the inverter output current iL1 is usually controlled
instead of the grid current iL2 in order to limit the inverter current within safety
limits.
As discussed in [25], appearance of a right half-plane (RHP) zero and change of
sign in Gcodd o when changing between CC and CV regions causes stability issues.
Speciﬁcally, the output current control cannot be stable in both the CC and CV
regions. Thus, the grid current and the dc-side voltage need to be controlled in a
cascaded manner, where vin is controlled in the outer loop and iL1d in the inner loop.
The control block diagram is presented in Fig. 2.10. The control method enables
the operation at all operating points and makes it possible to utilize the MPPT in
a reliable manner.
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Figure 2.11 Possible operation modes of single-stage grid-connected PV energy system
Another possibility is to use the inverter to control both the grid current and the
grid voltage. This is called grid-forming mode, since the inverter contributes to
the voltage and frequency stability of the grid. The diﬀerences between the control
methods for the single-stage topology are shown in Fig. 2.11. It is evident that in
order to control the PV voltage, and thus to utilize the MPPT in grid-forming mode,
a double-stage topology is necessary.
Since the EESs behave as a dc voltage source, it requires an inverter in order to
feed an ac grid. The converters need to be bi-directional in order to achieve both
charging and discharging of the EES. The topology for this is shown in Fig. 2.12. It
is the same as in Fig. 2.9 except that the source is a constant voltage source instead
of a constant current source and the input capacitor is not required. The inverter
works as a rectiﬁer when the power is transferred from the ac grid to dc source and
as an inverter when the power is transferred from the dc source to the ac grid. The
dynamics can be solved the same way as done for the current source case. However,
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Figure 2.13 Double-stage PV inverter
in this case, the state, input, and output vectors should be chosen as
x =
h
iL1d iL1q iL2d iL2q vCfd vCfq
iT
u =
h
vin vod voq dd dq
iT
y =
h
iin iL1d iL1q iL2d iL2q
iT
:
(2.10)
2.4 Small-Signal Modeling of a Photovoltaic Boost Converter
In double-stage PV systems, a dc-dc converter is inserted in between the grid-
interfacing inverter and the PV generator, as shown in Fig. 2.13. The dc-dc converter
is responsible for the MPPT function. This is achieved by controlling its input volt-
age, i.e., the voltage across the PV array. The VSI-type inverter has a similar
cascaded control structure as in the single-stage scheme presented in Section 2.3.
However, its main function is to control the dc-link voltage instead of performing
MPPT. Thus, both the dc-dc and the dc-ac converters control their input voltages
and, therefore, they must be analyzed as current-fed current-output converters.
The dc-dc converter is typically a boost converter with an additional input capacitor.
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The topology is shown in Fig. 2.14. In order to model the boost converter, the
moving average in state space methodintroduced in Section 2.3is applied. The
state, input, and output vectors are chosen as
x =
h
iL vC1 vC2
iT
u =
h
iin vout d
iT
y =
h
vin iout
iT
:
(2.11)
By utilizing Kirchoﬀ's voltage and current laws in order to solve the derivatives of
the state and output variables and averaging these equations over one switching
cycle, the average model of the system is
dhiLi
dt
=
 (rC1 + rL + drds + d0rd)
L
hiLi   d
0
L
hvouti+ 1
L
hvC1i
+
rC1
L
hiini   d
0
L
VD
dhvC1i
dt
=   1
C1
hiLi+ 1
C1
hiini
dhvC2i
dt
=
1
rC2C2
hvC2i+ 1
rC2C2
hvouti
hvini =  rC1hiLi+ hvC1i+ rC1hiini
hiouti = d0hiLi+ 1
rC2
hvC2i   1
rC2
hvouti:
(2.12)
By setting the derivatives to zero and substituting all variables with their corre-
sponding steady-state values (depicted with the upper-case letters), the steady state
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operating point can be determined as
D0 =
Vin   (rsw + rL)Iin
Vout + VD   (rsw   rD)Iin ;
D = 1 D0;
Vin = VC1;
VC2 = Vout;
Iout = D
0Iin:
(2.13)
Finally, the linear model of the boost converter that describes its behavior to small
variations around the operating point is obtained by linearizing (2.12) at the steady-
state operating point by using the ﬁrst-order expansion of the Taylor series. Thus,
the small-signal dynamics can be derived as
d^iL
dt
=
 (rC1 + rL + Drds + D0rd)
L
i^L   D
0
L
v^out +
1
L
v^C1
+
rC1
L
i^in +

Vout + VD
L
  IL rds   rd
L

d^
dv^C1
dt
=   1
C1
i^L +
1
C1
i^in
dv^C2
dt
=
1
rC2C2
v^C2 +
1
rC2C2
v^out
v^in =  rC1i^L + v^C1 + rC1i^in
i^out = D
0^iL + ILd^ +
1
rC2
v^C2   1
rC2
v^out;
(2.14)
where the hat symbols refer to small variations around the operating point and the
capital letters to the steady-state values. The dynamics can be obtained by solving
the transfer functions between the input and output variables in the frequency do-
main. Utilizing Laplace transformation, the converter open-loop dynamics can be
presented with transfer functions as
24 u^in
i^out
35 =
24Zin o Toi o Gci o
Gio o  Yo o Gco o
35
26664
i^in
u^out
d^
37775 : (2.15)
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Figure 2.15 Bi-directional dc-dc converter
2.5 Small-Signal Modeling of a Bi-Directional DC-DC Con-
verter
By adding an additional dc-dc conversion stage between the battery and the dc-link
of the inverter, higher voltage conversion stage can be achieved. Uni-directional
dc-dc converters do not allow reverse current ﬂow since they have diodes in their
topology. However, for example, by replacing the diodes with controllable switches,
the topologies can be turned into bi-directional converters. Since the battery needs
to be both charged and discharged, both voltage step up and step down modes are
required depending on the direction of the current. When the battery is discharging,
the current ﬂows from the battery to the converter output and the converter increases
the voltage. When the battery is charging, the current ﬂows from the converter
output to the battery and the converter decreases the voltage.
The bi-directional converter presented in Fig. 2.15 is often utilized in battery appli-
cations due to its simplicity. It operates as a boost converter while discharging (S1
non-active and S2 switching) and as a buck converter while charging (S2 non-active
and S1 switching). The operation modes are shown in Fig. 2.16. In boost opera-
tion mode, the power ﬂow direction is from the battery to the output, and in buck
operation mode, the power ﬂow direction is from the output to the battery. The
inductor is on the low-voltage side, into which the battery is connected. Its function
is to decrease the current ripple.
By comparing the mode on- and oﬀ-time topologies, it can be noticed, that the two
modes are complementary: The on-time of the buck operation mode corresponds
to the oﬀ-time of the boost operation mode, and vice versa. Thus, it is possible to
derive a model that represents both the operation modes. This has been explained,
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Figure 2.16 Operation modes of the bi-directional dc-dc converter
for example, in [27]. Therefore, only the small-signal model for the buck operation
mode is derived here, and the model for the boost operation is attained by reversing
the low voltage (battery) and the higher voltage side parameters as well as the
direction of the current. Moreover, the duty ratio equal to d in the boost mode is
replaced by its complementary, i.e., 1   d, which corresponds to the duty ratio in
buck mode.
The state, output, and input vectors are chosen as
x =
26664
vCdc
vCin
iL
37775 ; u =
26664
vdc
vbatt
d
37775 , and y =
26664
ibatt
iL
idc
37775 : (2.16)
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The dynamic equations for the buck operation mode during on-time are
dvCdc
dt
=
1
Cdc
iL   1
Cdc
idc
dvCin
dt
=   1
CinrCin
vCin +
1
CinrCin
vbatt
diL
dt
=   1
L
vCdc   rL + rCdc
L
iL +
rCdc
L
idc +
1
L
vbatt
ibatt = iL   CindvCin
dt
iL = iL
idc = iL   CdcdvCdc
dt
:
(2.17)
Correspondingly, the dynamic equations for the buck operation mode during oﬀ-time
are
dvCdc
dt
=   1
Cdc
idc
dvCin
dt
=   1
CinrCin
vCin +
1
CinrCin
vbatt
diL
dt
=  rL
L
iL +
1
L
vbatt
ibatt = iL + Cin
dvCin
dt
iL = iL
idc =  CdcdvCdc
dt
:
(2.18)
As done, for example, in Section 2.4, by averaging the equations over one switching
cycle, linearizing the averaged model at the steady-state, and employing Laplace
transformation, the transfer functions can be solved as
y =
26664
Yin o Toi o Gci o
YiL o ToL o GcL o
Gio o  Yo o Gco o
37775u (2.19)
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3. INTEGRATING AN ENERGY STORAGE TO
A PHOTOVOLTAIC INVERTER
In this chapter, the models presented in Chapter 2 are combined by integrating the
EES with the PV inverters using diﬀerent topologies. The following topologies are
considered:
(a) Single-stage PV inverter and EES connected with a bi-directional dc-dc con-
verter at the PV generator terminals
(b) Double-stage PV inverter and EES connected with a bi-directional dc-dc con-
verter at the dc-link
(c) Single-stage PV inverter and EES connected with its own inverter
The topologies are presented in Fig. 3.1. The number of stages in the presented
topologies refers to the number of converters and inverters connected in cascade. In
the following subsections, these topologies are shortly compared regarding compo-
nent rating, eﬃciency, reliability, modularity, costs, and control.
3.1 Component Ratings
In this section, the limits and restrictions related to the component ratings are
discussed and analyzed. It is not of concern to take into account issues that are
essentially dependent on the chosen application, such as choosing battery capacity or
power rating, but rather to focus on the diﬀerences directly related to the topologies
in order to keep the comparison on a general level.
3.1.1 Limits for the Photovoltaic Module
By using both series and parallel connections, a PV generator can be designed to
have the desired nominal voltage and power. However, a PV generator has no nat-
ural input voltage range. It is important to ensure that the MPP voltage range of
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Figure 3.1 The diﬀerent topologies
a PV array can ﬁt the limited operating voltage range, which can prevent deviation
from the MPPs and reduce mismatching losses. The converter or inverter controlling
the voltage across the PV modules should have high eﬃciency over a wide range of
input voltage and input power since these variables are deﬁned in very wide ranges
as functions of solar irradiance and ambient temperature. Thus, there is a trade-oﬀ
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regarding the selection of the minimum input voltage, and therefore also the mini-
mum possible MPPT voltage.
Especially for the case of the single-stage inverter, decreasing the minimum pos-
sible MPPT voltage results in more energy extracted from the PV panels during
low irradiance levels, but a less eﬃcient inverter design [3]. For a single-phase sys-
tem, the dc-side voltage of the inverter needs to be higher than the peak value of its
ac-side voltage and for a three-phase system, higher than the square root of three
times the peak value of its ac-side voltage, i.e.
for single-phase: vdc > vac; peak
for three-phase: vdc >
p
3 vac; peak
(3.1)
If the dc-side voltage is lower than this limit, the shape of the inverter ac-currents
gets distorted due to overmodulation. Similar behavior does not occur when the
dc-dc converter is used to control the voltage instead of the inverter. Thus, in order
to reach the MPP voltages lower than this limit, the dc-dc converter is required to
control the voltage across the PV modules instead of the inverter. Another possibil-
ity is to use a diode to bypass the boost converter when the voltage is high enough,
as done, for example, in [26]. However, in this case, the diode increases the losses.
As a result, the eﬃciency of the system decreases.
Therefore, during low irradiance levels, the double-stage PV inverter scheme is more
eﬃcient, assuming that the increase of MPPT mismatch losses with the single-stage
topology would be greater than the losses caused by the additional power conver-
sion stage. However, the best conﬁguration represents an optimal trade-oﬀ between
the converter losses and MPPT mismatch losses, and is highly dependent on the
variation of the solar irradiance levels that are typical for the chosen location.
Since utility-scale PV systems require numerous PV modules, it is possible to
connect them in series in order to achieve a high enough voltage level to utilize
single-stage PV inverters. According to [5, 16], in order to achieve a high enough in-
put voltage for a single-phase inverter in the European systems (230 Vrms) to control
the voltage across the PV modules with the inverter instead of the additional dc-dc
conversion stage, minimum 16 PV modules in series are required. The minimum
required amount of series-connected PV modules of a certain system can be identi-
ﬁed by comparing the lowest desired MPP voltage of the modules with the voltage
requirement given in Eq. 3.1. For European systems with single-phase inverter, this
requirement is 325 V. In Fig. 3.2 are presented the MPP voltage and power as a
function of irradiance for diﬀerent amounts of series-connected PV modules at 25°C.
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Figure 3.2 The MPP voltage and the produced power as a function of irradiance for N
PV modules connected in series at 25°C
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Figure 3.3 The MPP voltage and the produced power as a function of irradiance for N
PV modules connected in series at 75°C
Based on this ﬁgure, 16 PV modules seems feasible when the irradiation stays higher
than 500 W/m2.
However, if the temperature increases, the MPP voltages decrease. In Fig. 3.3
are presented the MPP voltage and power at 75°C. At this high temperatures, 16
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Figure 3.4 The maximum open-circuit voltage as a function of the number of series-
connected PV modules assuming open-circuit voltage of 45 V for one module
series-connected PV modules does not meet the required minimum voltage but a
minimum of 19 modules are needed in order to reach the required voltage around
the same minimum irradiance level. Thus, when deciding the operating range of
the MPP voltage, it is necessary to take the eﬀect of both the temperature and the
irradiance on the MPP voltage into account when choosing the amount of series-
connected PV modules.
Fig. 3.4 presents the maximum open-circuit voltage for diﬀerent amounts of series-
connected PV modules. The total open-circuit voltage for 16 PV modules may raise
as high as 720 V, which has been too high for MOSFET and IGBT semiconductors
in the past, since their normal operating voltage has been as low as 450510 V [16].
Note, that the operating voltage is typically selected much lower than the breakdown
voltage, and this de-rating is based on the need to tolerate transients and to guaran-
tee the long term reliability of the converter [13]. Therefore, in the single-stage PV
inverter, multiple semiconductors of this type need to be placed in series in order
to reach the required voltage rating. This introduces new problems since it must be
guaranteed that these series connected semiconductors function synchronously and
switch state at the same time. In order to avoid this and use only single switches in
series, semiconductors with higher ratings need to be used or a topology with the
additional dc-dc converter and dc-link can be utilized.
However, nowadays in medium power industry applications, such as PV, 6001700 V
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IGBTs are dominant and they typically switch from 10 to 20 kHz [13], thus enabling
a more eﬃcient single-stage topology. Furthermore, in the last two decades, newer
generations of power semiconductor devices based on wide band-gap materials, such
as silicon carbide (SiC) and gallium nitride (GaN), have been developed. The SiC
MOSFET switching frequency is signiﬁcantly higher than 50 kHz and they have
already been introduced commercially rating from 600 to 1700 V [13]. Even 15 kV
prototypes have been introduced [39]. These new technologies would enable the
usage of more eﬃcient single-stage PV inverters.
3.1.2 Limits for the Battery Module
When the battery current is controlled directly by the inverter, the inverter input
voltage is deﬁned by the voltage of the battery. Thus, the minimum battery termi-
nal voltage needs to be higher than the limit given in (3.1). The battery terminal
voltage and power as a function of the number of series-connected cells are demon-
strated in Fig. 3.5 for diﬀerent kinds of lithium-ion battery systems. The battery
is discharged to only 10% charge. Assuming that this is chosen as the lowest limit,
the voltage in the ﬁgure represents its minimum value, since charging the battery
will only increase the voltage and the produced power as well.
For example, in 120 Vrms single-phase system, the battery voltage needs to be higher
than 170 V. Thus, according to the ﬁgure, with C-rate 2, a minimum of 57 series-
connected lithium-ion battery cells is required. This can be determined based on
the cell voltage at the same charge (3 V), since 170=3 = 57. With this topology,
the power would be around 680 W when only one battery string is set in parallel,
as determined by (2.5). The power can be increased by increasing the C-rate or the
amount of battery cells.
By adding a dc-dc converter, less series-connected battery cells can be used since
the battery voltage can be lower. This may decrease the system cost if the battery
would otherwise need to be over-dimensioned in order to reach the required voltage
levels without the boosting power stage. In addition, a smaller capacitor is required
to regulate the battery voltage when the additional dc-dc converter is utilized. The
dc-link is more preferable location for the capacitor since the voltage is higher and
a large ﬂuctuation can be allowed without compromising the utilization factor [16].
Moreover, in the single-stage connection of the EES, the inverter input voltage is
directly deﬁned by the voltage of the EES. Since battery voltages vary greatly de-
pending on the SoC, it introduces variation to the inverter input voltage. Therefore,
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Figure 3.5 The battery terminal voltages and powers at full charge (90%) with diﬀerent
C-rates and numbers of parallel-connected cells. The lines with green markers have 1 cell
in parallel, blue markers 2 cells, and orange markers 3 cells. The lines with solid line-style
are with C-rate 1, dashed line-style C-rate 2, and dash-dot line-style C-rate 3
these inverters are required to accommodate the entire range of operating voltage
and their design in terms of semiconductor selection and operating points is not op-
timized in the same way as with the double-stage topology where the dc-link voltage
is set constant [40]. Thus, especially if the battery voltage range would be required
to be impractically wide and/or the grid current THD to be low, a bi-directional
dc-dc converter is recommended in order to meet these requirements.
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Furthermore, if the additional dc-dc converters are included to regulate the bat-
teries, there is no apparent diﬀerence in terms of battery management and safety
when using diﬀerent grid-tied converters. In addition, according to [40], if the addi-
tional dc-dc converter is left out, low-order harmonics, occurring for example under
grid faults, may decrease the battery lifetime and cause safety concerns. Certain dc-
dc topologies may also serve as protective and current limiting devices, eliminating
the need for costly dc breakers [40].
A typical operating condition of storage batteries requires to deliver and absorb
small currents in large intervals of time. However, as listed in Chapter 2, new
methods to utilize grid-connected EESs require the EES to be able to manage large
currents in short intervals of time. One of the main concerns has been how the fast
and short cycling (micro-cycling) aﬀects the lifetime of the batteries. Thus, in many
applications, super-capacitors are proposed to be used in addition to batteries due
to their higher power density, as in [12]. However, in [7] it was shown that fast and
short cycling of lithium-ion batteries did not show a substantially altered capacity
fade during the execution of hundreds of thousands of micro-cycles. Thus, the usage
of lithium batteries without the super-capacitors can be considered reasonable for
these applications.
The capacity of the EES is not analyzed further since it rather depends on the chosen
application than the chosen topology. For further reading, the required capacity of
an EES in order to provide constant power production to the grid from a PV plant
has been studied, for example, in [4].
3.2 Eﬃciency and Losses
From eﬃciency point of view, the total loss in a single-stage PV inverter is slightly
smaller than that in a two-stage PV inverter [43]. The additional dc-dc converters
produce power losses, which to some extent explains why most industrial solutions
currently do not include the additional dc-dc stage. However, regarding the total
energy eﬃciency, the mismatching losses are most of the times more signiﬁcant than
the switching losses. Especially in partial shading conditions, the mismatching losses
may more than compensate the switching losses.
During low irradiance levels, the double-stage PV inverter scheme is more eﬃcient
than the single-stage, assuming that the increase of mismatching losses with the
single-stage topology would be greater than the losses caused by the additional
power conversion stage. However, since the dc-dc conversion losses do not take
place in the single-stage topology, the total eﬃciency of the system is higher. This
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may be of utmost importance especially in utility-scale systems since even a small
diﬀerence in the eﬃciency can indicate large power losses. However, in order to
calculate the overall eﬃciency, the eﬃciency of the topology at each operating point
and the amount of time spent at that operating point should be considered. As
discussed in [43], if the operating voltage range of a single-stage system is properly
limited, its overall eﬃciency will be higher than that of a two-stage system.
As discussed in Section 2.1, long series connections of PV modules are the ones
most severely aﬀected by partial shading conditions. In addition to mismatching
losses caused by too low or high irradiance levels, the additional dc-dc stage enables
the use of less series-connected PV modules, which is beneﬁcial in partial shading
conditions, as discussed in Section 2.1. This topology decreases the mismatching
losses caused by partial shading conditions etc. Therefore, in locations where partial
shading situations can be expected to occur most of the time, the dc-dc converter
is necessary to mitigate the mismatching losses.
As will be discussed more in detail in Section 3.5.1, by utilizing the additional dc-dc
converter to control the voltage across the PV generator, a faster MPP control can
be achieved in comparison with the single-stage inverter. Thus, the MPPT function
can update its tracking command immediately so that the eﬀect of fast irradiance
variation can be ignored [43]. This also decreases the mismatch losses and improves
the total eﬃciency.
The topology, in which the PV modules and the batteries are integrated with their
own separated inverters, requires advanced and expensive high voltage semiconduc-
tors, as discussed in Section 3.1. However, less power conversion stages are required,
which is an advantage from the eﬃciency point of view.
3.3 Modularity
In the future, standalone micro-grids, powered by renewable energies like solar and
wind turbines, will play a crucial role in generating electricity for local communities.
The grid-forming topology can be used, for example, in remote locations where the
traditional utility power grid is inaccessible. As discussed in Chapter 2, in order to
utilize grid-forming mode instead of just grid-feeding mode and at the same time to
control the voltage across the PV modules to correspond the MPP voltage, a dc-dc
converter is required. Due to the intermittent nature of solar power, it is necessary
to utilize a storage, such as a battery, as a back-up to complement the PV in order
to maintain the micro-grid voltage and frequency during lower irradiance levels.
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Furthermore, having an inverter with both grid-feeding and grid-forming mode is
beneﬁcial, since the possibility for grid-forming mode can be used as a back-up in
case of grid failures. When the inverter is isolated from the utility grid, it can be
used as an uninterrupted power supply (UPS) to feed critical loads.
In some applications, a local dc-grid may be beneﬁcial. By utilizing a local dc-
grid, power losses from the inverter can be eliminated. The dc-link oﬀers a good
interface for this function. The dc-grid can be utilized to supply local dc-loads, such
as household electrical equipment.
During the lifetime of the PV generator, the PV modules may need to be changed due
to a fault etc. When considering the installation process, the single-stage PV inverter
design may be required to be individual for each separate PV system installation
due to the diﬀerent environment etc., and thus a less ﬂexible design is achieved in
comparison with the topology in which the dc-dc converter is utilized [5].
Another important factor in the design is the possibility to enlarge the system. The
topology, in which the PV modules and the batteries are integrated with their own
inverters, oﬀers the possibility of an easy enlargement of the system due to the
modular structure [16].
However, also the dc-link oﬀers a good interface for the enlargement of the system.
By utilizing the dc-link, numerous PV modules and batteries can be interfaced with
their own dc-dc converters to the common dc-ac inverter. Thus, the operator can
start the PV power plant with fewer modules and further enlargements are easily
achievable since a new dc-dc converter with the new PV modules can be plugged
into the existing platform [5]. Therefore, enlargement of the system is easy and a
highly ﬂexible design can be achieved. This topology may be considered the most
optimized one for systems with several PV strings [16].
In addition, when considering the EES enlargement, a larger capacity can be easily
achieved by connecting several battery strings in parallel to a common dc bus by
bi-directional dc-dc converters. Thus, the topology with the dc-link allows easy
enlargement of the EES, too.
3.4 Cost and Proﬁt
From the operator's point of view, the inverter must be cost-eﬃcient. Nowadays,
improvements in PV inverter systems are mainly linked to a reduction of overall
system costs, since their eﬃciency is above 98 % in all cases and thus not the main
focus of development anymore [32].
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A single-stage system has the merits of saving components and reducing cost, since
the additional dc-dc converter increases the system cost. However, the single-stage
system may be less energy eﬃcient due to the PV mismatch losses, as discussed in
Section 3.2. Thus, the eﬃciency can compensate the initial costs in some applica-
tions, especially under partial shading conditions.
As discussed in [31], the proﬁtability of connecting an EES to PV plants depends on
various parameters, but the key contributor is the revenue from selling the stored
electricity. Since the proﬁt from selling the electricity depends on the electricity
markets, the policies, and the environment, it is necessary to consider each situation
individually. The proﬁtability of the EES is less sensitive to the battery key-ﬁgures,
such as the number of life-cycles and the battery price [31]. Thus, in order to enable
optimized revenue, the electricity markets should reward the providers of EESs. In
addition, when calculating the costs of the EES, it is necessary to take into account
also the maintenance and replacement costs which depend on the chosen battery
type [15].
As discussed in Section 3.1, advanced semiconductors, such as SiC MOSFETs, are
required if a single-stage inverter is utilized. However, the relatively higher cost of
SiC devices is still a concern [13]. On the other hand, the operational cost reduction
gained from eﬃciency improvements could justify the higher cost [6]. In addition,
the faster switching reduces the required ﬁlter size and cost. Compensating savings
may come from smaller passive components, lower cooling requirements, and a higher
absolute power rating [13]. For instance, it is demonstrated in [32], that the cost of
a 17 kW solar inverter could be reduced by 20 % with SiC JFETs and SiC diodes.
According to [13], due to their potentials to improve the power eﬃciency while
reducing the system cost, PV inverters could be the ﬁrst major insertion point for
SiC power devices.
3.5 Converter Control
In this chapter, the diﬀerences between the controlling strategies of the diﬀerent
topologies presented in Section 3 are analyzed and compared. The controlling
schemes of the bi-directional dc-dc converter, the boost converter and the inverter
are discussed and analyzed.
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3.5.1 PV Inverter Control
The PV inverters have normally two main tasks: to ensure that the PV modules
are operated at the MPP and to inject a sinusoidal current to the grid. In order
to achieve this, a cascaded control scheme is used to regulate the dc-link voltage
and the output current. The outer input-voltage control-loop provides the current
reference d-component to the inner output-current control-loop. The output-current
q-component reference is usually set to a value ( 0) which guarantees unity power
factor.
The input voltage reference depends on the chosen topology. In general, the control
of a single stage solution is deﬁnitely simpler than the double stage solution as only
one stage has to be controlled [28]. If a double-stage inverter is used, the inverter
input voltage reference is the dc-link voltage, which is kept as a constant, and the
dc-dc converter is used to perform the MPPT algorithm in order to maximize the
energy produced by the PV generator. Thus, the MPPT algorithm can be used to
control the duty cycle directly.
In the case of a single-stage inverter, the inverter input-voltage reference is deter-
mined by the MPPT algorithm. Consequently, the input voltage reference can vary
rapidly. In this topology, due to the cascaded control scheme, the MPPT can not be
as fast as when the double-stage inverter is utilized. The MPPT control is limited
by the cross-over frequency of the voltage control. This leads to additional mis-
matching losses compared to the double-stage inverter since the PV generator does
not operate at MPP as accurately. The input-voltage control should be designed so
that the bandwidth exceeds the MPPT-algorithm execution frequency.
In case the PV inverter would be required to function also in grid-forming mode, the
inverter would need to control both the output current and voltage. Thus, the input
voltage would not be controlled by the inverter, and a double-stage topology would
be necessary in order to perform the MPPT. If EES is connected to the dc-link of
the inverter, it can be used to verify the location of the MPP and to support the
recovery of the system from instability. These functions may be necessary especially
in grid-forming mode.
3.5.2 Battery Control
The battery current is controlled by either a bi-directional converter or a VSI in order
to charge and discharge the battery according to the requirements of the chosen
application, as discussed in Chapter 2. The reference current may, for example, be
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determined according to the measured PV power in order to limit the rate of change
of power fed to the grid. If the goal is to feed constant power to the grid, Eq. 3.2
may be used to determine the current reference.
ibatt = (P

grid   Ppv)=vbatt: (3.2)
Batteries are very sensitive to over- and undercharge. Extended periods of under-
charging lead to sulphation and stratiﬁcation, whereas overcharging causes gassing
and grid corrosion. These chemical changes shorten the battery lifetime. Especially
in PV systems, the batteries are subject to performance losses that are caused by
the limited availability of energy to recharge the battery [2]. Hence, it is necessary
to limit the SoC and to keep it within safe limits. This should be taken into ac-
count when designing the control in order to keep the system stable in all conditions
and to increase the battery lifetime. For instance, in [14], the SoC which should
be reached at the end of the day is chosen based on the weather predictions of the
next day. This method guarantees the capability and lifetime of the battery and
also minimizes operation cost since the battery can be charged during low electricity
price.
Various charging methods have been designed for diﬀerent applications and battery
types. In PV systems, it is necessary that the eﬀectiveness of maintaining the battery
at a high SoC is guaranteed, thus increasing the lifetime of the battery. Therefore,
the best charging method is one that returns the most charge to the battery in the
quickest time without causing a signiﬁcant rise in the battery temperature [2].
When the PV system under MPPT control is integrated with the EES, the power
balance in the dc system and the battery reliability become an issue due to the in-
termittent behavior of the PV system. If not taken properly into account, excessive
power from PV leads to over voltage in the dc bus and in cloudy conditions the
dc bus becomes unstable [36]. In order to prevent both stability issues, the power
balance control needs to be taken into account.
Therefore, it may not be possible to utilize MPPT at all times, such as when the
battery is full and the power from PV is needlessly high. In this case, the PV power
needs to be limited with a power limiting algorithm instead of utilizing MPPT and
the battery needs to be, for example, disconnected from the system or discharged
in another way.
In case the PV power is too low for the application requirements and the battery
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SoC is at its lower limit, a back-up battery could be one solution. The situation is
naturally an implication that the battery size should be increased or the discharging
algorithm changed in order to avoid the problems in the future.
In case of grid-forming mode of the inverter, a bi-directional dc-dc converter is
necessary in order to control the battery current, since the inverter cannot be used
to perform that functionality as was possible with the grid-feeding inverter. Thus,
the single-stage topology is not suitable for this function.
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4. PERFORMANCE EVALUATION
Simulations are conducted with MATLAB Simulink software in order to demonstrate
the power balance control and the diﬀerences between the topologies stated in the
earlier chapters. In addition, real-time simulations are conducted with the BoomBox
control platform by Imperix, combined with the real-time emulator for hardware-
in-the-loop (HIL) simulation by Typhoon-HIL.The set up consists of a Typhoon
HIL 402, which is in charge of high-ﬁdelity real-time simulation, interfaced with
Imperix's Boombox, which is in charge of running the control code. This set-up
enables the implementation of the controllers to be directly confronted to almost
real conditions allowing to foresee most of control related issues before the usage
of the real implementation. A ﬁgure of the set-up is given in Appendix A. The
simulation model and the results are presented and discussed in this chapter.
4.1 Parameters and Controller Tuning
The parameters for the modeling of the PV generator are presented in Table 4.1.
The PV model is based on the one diode model [23] as discussed in Chapter 2. In
Fig. 4.1 are shown the voltage and current characteristics of one PV module under
standard test conditions.
The parameters for modeling of the battery are presented in Table 4.2. The battery
current limits are calculated based on the C-rate according to (2.5). The amount of
battery cells is chosen based on the required voltage level. If the battery is directly
connected to the inverter, 100 modules are required.
The topology of the double-stage PV inverter where the EES is connected with a
bi-directional dc-dc converter at the dc-link is presented in Fig. 4.2. In Fig. 4.3
the topology of the single-stage PV inverter where the EES is connected with a
bi-directional dc-dc converter at the PV generator terminals is presented.
The values related to the grid, the converters, and the LCL-type ﬁlter are presented
in Table 4.3. The grid values are chosen according to the US standards and the ﬁlter
values are chosen according to [19, 41] so that the inverter output current ripple is
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Table 4.1 PV module parameters
Number of series connected PV modules Nseries
Short-circuit current (in STC) 8.1 A
Open-circuit voltage (in STC) 25 Nseries V
Temperature T 298.15 K
Irradiance (in STC) 1000 W/m2
Series resistance Rs 1:37 Nseries W
Shunt resistance Rsh 589:94 Nseries W
Temp coeﬀ of Isc 0:0047 Nseries
Temp coeﬀ of Uoc -0:12 Nseries
Boltzmann constant k 1:38  10 23
Elementary charge q 1:602  10 19 C
Ideality factor A 1.30
0 5 10 15 20 25 30
Voltage (V)
0
2
4
6
8
10
C
u
rr
e
n
t 
(A
)
PV curve under STC (1000.0 W/m2, 25.0 ◦C)
0
20
40
60
80
100
120
140
160
P
o
w
e
r 
(W
)
P = 158.71 W
I  = 7.63 A
V = 20.80 V
I-V Characteristic P-V Characteristic
Figure 4.1 Current, voltage, and power characteristics of the PV module under standard
test conditions
less than 20% and the grid-side inductor current ripple less than 2%. As done in
[19], the damping value is chosen one-third of the ﬁlter capacitor at the resonant
frequency, i.e., 0.6 W. The inverter output current q-component ILq is here controlled
to 0 which results in unity power factor for the inverter-side current.
As discussed in [25], the PV voltage control needs to be designed so that the band-
width exceeds the MPPT-algorithm execution frequency. A crossover frequency of
two hundredth of the switching frequency (i.e. 400 Hz) is chosen and the following
4.1. Parameters and Controller Tuning 40
Table 4.2 Battery parameters
Cell capacity Q 3600 mAh
Initial Charge 0:6 Q mAh
Number of series-connected cells Ns 50 or 100
Number of parallel-connected cells Np 1
Exponential zone time constant inverse B 3:5294=3600 Ah 1
Exponential zone amplitude A 0:468 V
Polarization voltage K 8.7662 mV
Internal resistance Rint 90 mW
Battery constant voltage E0 3:7348 V
C-rate Cr 2
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Figure 4.2 Double-stage PV inverter and EES connected with a bi-directional dc-dc con-
verter at the dc-link
controller transfer function is used.
Gc boost = Kboost

s
!z boost
+ 1
2
s

s
!p boost
+ 1
 : (4.1)
The boost converter is tuned as follows using the loop shaping technique. The
open-loop control to input-voltage transfer function Gci o attained from (2.15) with
a delay of 1.5 times the switching period is shown in Fig. 4.4 as a black line. The
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Figure 4.4 The boost converter control to input-voltage transfer function Gci o depicted
with the black line and the controller loop gain Gci oGc boost with the green line
system with a delay is approximated using a 3rd order Pade approximation. The
dc-gain of Gci o is negative. Thus, a negative controller gain is required in order to
ensure stable operation. The controller zeros and poles are chosen so that a phase
margin of 65° is reached. The chosen controller parameters are given in Table 4.4
and the controller loop gain is shown in Fig. 4.4 as a green line.
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Table 4.3 Grid, converter, and LCL-type ﬁlter parameters.
Vo invrms 120 V Vod inv
p
2Vo rms V
fgrid 60 Hz !s 2fgrid rad/s
ILd 10 A ILq 0 A
Double-stage PV Single-stage PV
Vin inv 380 V (350410 V) Vin inv 675 V (350900 V)
Vpv 10350 V Vpv 350900 V
Cbatt 1 mF Cbatt 1 mF
rCbatt 90 mW rCbatt 90 mW
Lbatt 100 mH Lbatt 100 mH
L1 3.25 mH L1 8 mH
rL1 22 mW rL1 22 mW
L2 115 µH L2 115 µH
rL2 65 mW rL2 65 mW
Cf 16 µF Cf 16 µF
Rd 0.6 W Rd 0.6 W
fsw 20 kHz fsw 20 kHz
Cdc 150 µF Cdc 2.9 mF
rCdc 10 mW rCdc 10 mW
Lboost 580 mH
rLboost 10 mW
C1 54 mF
rC1 10 mW
The transfer function of the bidirectional converter controller (battery current con-
troller) is chosen as
Gc ibatt = Kbatt

s
!z batt
+ 1

s
: (4.2)
The open-loop control to inductor current transfer function Gci o is shown in Fig. 4.5
as a black line. The controller zero is chosen so that the phase margin given in
Table 4.4 is met. The chosen parameters are given in Table 4.4 and the controller
loop gain is shown in Fig. 4.5 as a green line.
As discussed in Chapter 2, due to the cascaded control method of the output current
d-component and the input voltage, the inverter is able to control the active power,
the reactive power, and the dc-link voltage (or the PV voltage, depending on the
chosen topology). The controlling method is presented in Fig. 2.10. The open-loop
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Figure 4.5 The bidirectional converter controller (battery current controller) control to
input-voltage transfer function Gci o depicted with the black line and the controller loop
gain Gci oGc batt with the green line
control to inverter current d component transfer function GcLd o, the open-loop
control to inverter current q component transfer function GcLq o, and the open-
loop control to input voltage transfer function Gcid o, are shown in Fig. 4.6 for the
single-stage PV inverter topology and in Fig. 4.7 for the double-stage PV inverter
topology.
The input voltage and output current d-component are controlled in a cascaded
manner. According to Fig. 2.10(a), by ignoring the sensing transfer functions, the
loop gain for the input voltage controller tuning can be given as
Lv =
Ld
1 + Ld
Gcid o
GcLd o
; (4.3)
where Ld = GcdGcLd o (i.e. the loop gain of the inner controller loop). The transfer
functions of the chosen current controllers Gcd and Gcq are of the form
Gc = K

s
!z
+ 1

s

s
!p
+ 1
 : (4.4)
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Figure 4.6 The control to inverter current transfer functions GcLd o and GcLq o and the
control to input voltage transfer function, Gcid o are depicted as green, blue, and black line,
respectively, for the single-stage topology
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Figure 4.7 The control to inverter current transfer functions GcLd o and GcLq o and the
control to input voltage transfer function, Gcid o are depicted as green, blue, and black line,
respectively, for the double-stage topology
and the transfer function of the voltage controller of the form
Gc = K

s
!z
+ 1

s
: (4.5)
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The controller poles and zeros are chosen so that the phase margins given in Table 4.4
are satisﬁed. The inner loop Ld is stabilized with the outer loop control (Gcv). The
chosen parameters are given in Table 4.4 for both the single-stage and the double-
stage PV inverter and the controller loop gains are shown in Fig. 4.8 for the single-
stage PV inverter topology and in Fig. 4.9 for the double-stage PV inverter topology.
The inverter output current is limited to 20 A since larger currents would trip the
protection in a real system.
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Figure 4.8 The inverter current controller loop gains GcLd oGc d and GcLq oGc q and
the input-voltage controller loop gain LvGc v are depicted as green, blue, and black line,
respectively, for the single-stage topology
4.2 Experiments
First, the power balance control is demonstrated using the aforementioned param-
eters for the double-stage PV inverter topology. The irradiance level is increased
stepwisely according to Fig. 4.10(a). The corresponding power produced by 2 PV
modules functioning under MPPT control is shown in Fig. 4.10(b) with the blue
line. In order to use the battery to compensate the ﬂuctuations in the PV power
and to feed a constant power to the grid, the battery current reference is calculated
according to (3.2). The produced battery power is shown in Fig. 4.10(b) with the
green line and the orange line dictates the sum of the PV power and the battery
power. The grid power reference is set to 300 W.
Next, the power balance control is demonstrated using real irradiance measurement
data shown in Fig. 4.11(a). The data is measured from solar panels at Tampere
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Figure 4.9 The inverter current controller loop gains GcLd oGc d and GcLq oGc q and
the input-voltage controller loop gain LvGc v are depicted as green, blue, and black line,
respectively, for the double-stage topology
University of Technology (TUT) Solar Photovoltaic Power Station Research Plant
located in Finland on a half-cloudy summer day, 12th July 2016. As can be seen,
the irradiance has a highly ﬂuctuating behavior. The corresponding power produced
by 8 PV modules functioning under MPPT control is shown in Fig. 4.11(b) with
the blue line. In order to use the battery to compensate the ﬂuctuations in the
PV power and to feed a constant power to the grid, the battery current reference is
again calculated according to (3.2). The battery current is shown in Fig. 4.11(c) and
the power it produces in Fig. 4.11(b) with the green line. The sum of the battery
and the PV power is shown in Fig. 4.11(b) with the orange line. The grid power
reference is set to 2550 W. However, due to the losses within the system (such as
the switching losses) and the open-loop structure of the power balance control, the
produced power is noticeably smaller, around 2500 W. The currents fed to the grid
are presented in Fig. 4.12(a) and their harmonic spectrum is shown in Fig. 4.12(b).
The THD is 3.6%.
As discussed in Chapter 3, it is important to limit the battery charge since bat-
teries are very sensitive to over- and undercharge. Problems occur, for example,
when the PV modules are producing excess power and the battery charge is too
high for the battery to be charged. In this case, the battery needs to be disabled
or discharged enough to be used again for storing the excess energy. In both the
cases, MPPT cannot be utilized, but instead a power limiting algorithm can be used.
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Table 4.4 Controller parameters for the single-stage PV inverter and EES converter at
the PV terminals.
Single-stage PV Double-stage PV
Battery converter Battery converter
fcross 1 kHz PM 65° fcross 1 kHz PM 65°
!z batt 20 rad/s Kbatt 32 !z batt 20 rad/s Kbatt 32
MPPT MPPT
fmppt 2.5 Hz MPPT 0.3 V fmppt 2.5 Hz MPPT 0.3 V
Inverter inner loop control (id) Inverter inner loop control (id)
fcross 2 kHz PM 35° fcross 2 kHz PM 35°
!z od 500 rad/s !p od 250 krad/s !z od 820 rad/s !p od 250 krad/s
Kod 52 Kod 37
Inverter outer loop control (vpv) Inverter outer loop control (vdc)
fcross 10 Hz PM 68° fcross 25 Hz PM 68°
!z v 25 rad/s Kv -9 !z v 63 rad/s Kv -21
Inverter current q-component control (iq) Inverter current q-component control (iq)
fcross 400 Hz PM 70° fcross 400 Hz PM 70°
!z oq 440 rad/s !p oq 250 krad/s !z oq 440 rad/s !p oq 250 krad/s
Koq 8.6 Koq 3.7
Boost converter
fcross 400 Hz PM 65°
!z boost 1 rad/s !p boost 1 krad/s
Kboost -0.33
This is demonstrated in Fig. 4.13 with power balance control. Double-stage PV
inverter topology is used and the grid reference is set to 500 W, shown in the ﬁgure
with the orange line. The battery power is shown with the green line and the PV
power with the blue line. The battery is set to discharge when its charge becomes
higher than 90% and the PV modules are set to produce reduced power. After the
battery is discharged enough, it is used again to store the excess energy. In order to
avoid situations where the battery charge would exceed its limit, its capacity should
be chosen based on the application and irradiation levels and the charging and dis-
charging algorithms should be chosen in a way that results as small changes to the
charge level as feasible. For example, in certain applications, such as in ramp-rate
control, it would be beneﬁcial to charge and discharge the battery so that the charge
would have only minor changes over time.
As discussed in the tuning of the converters, it is advantageous to have as high
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bandwidth for the PV voltage controller as possible. This enables faster tracking
and thus also the MPPT execution frequency can be increased. This results in higher
eﬃciency. The diﬀerence in the controllers is demonstrated in Fig. 4.14 with a 5
Hz cross-over frequency and in Fig. 4.15 with a 25 Hz cross-over frequency. It can
be noticed from the ﬁgures that the controller with the higher cross-over frequency
(higher bandwidth) follows the reference faster, as expected.
As discussed in Chapter 3, the input voltage of the inverter cannot be lower than
given in (3.1). In the single-stage PV inverter with the parameters given in Table 4.3,
the minimum allowed inverter input voltage is 294 V. The upper limit is limited
based on the switches, and here chosen to be 1000 V. When the boost converter
controls the PV voltage, the upper limit is deﬁned by the dc-link voltage since the
boost converter cannot increase its input voltage higher than the output voltage
due to its structure as discussed in Chapter 2. In Fig. 4.16 is shown a step-test of
the PV voltage along its achievable range in both single- and double-stage scenarios
with the 120 V, 60 Hz system. In the double-stage PV inverter case, 2 PV modules
are used, and in the single-stage, 8 PV modules.
In Fig. 4.17 is demonstrated how the PV voltage has distortion as the voltage in-
creases close to the dc-link voltage (380 V) since the duty cycle is too close to 0. In
Fig. 4.18 is demonstrated how the shape of the inverter ac-currents gets distorted
at too low dc-side voltages due to overmodulation as discussed in Chapter 3.
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Figure 4.10 Power balance control when the irradiance level is increased stepwisely as
in (a) with the double-stage PV inverter topology using 2 PV modules. The grid power
reference is set to 300 W
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Figure 4.11 Power balance control with the double-stage PV inverter topology using 8 PV
modules. The grid power reference is set to 2550 W
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Figure 4.12 The grid currents and their harmonic spectrum corresponding to the operating
points in Fig. 4.11
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Figure 4.13 An example of a situation, where the battery gets full so that MPPT cannot
be used but a power limiting algorithm needs to be utilized instead until the battery has
discharged enough and can be used again to store the excess power. The irradiance is kept
constant
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Figure 4.14 PV voltage and reference controlled with the inverter with 5 Hz cross-over
frequency
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Figure 4.15 PV voltage and reference controlled with the inverter with 25 Hz cross-over
frequency
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Figure 4.16 Step-test of PV voltage along its range in both single- and double-stage sce-
narios with 120 V, 60 Hz three-phase system
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Figure 4.17 The voltage across the PV modules controlled by the boost converter
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Figure 4.18 The grid currents with and without overmodulation in a 60 Hz system
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5. CONCLUSIONS
The purpose of this thesis is to provide an insightful and meaningful comparison
between the diﬀerent power electronic topologies utilized in PV-EES DG systems.
Numerous diﬀerent topologies for this can be found in the literature. In order to
narrow down the study, three diﬀerent basic topologies are chosen for the compar-
ison: single- and double-stage schemes and ac-interfaced batteries are investigated
and compared. As discussed in Chapter 3, the choice of the most suitable topology
is made on the basis of several variables and conditions. The chosen topologies are
compared regarding part count, component sizing, reliability, eﬃciency, modularity,
and control system complexity. The comparisons are conducted by analyzing the
topologies and performing real-time simulator based studies.
A possible starting point for the decision of the topology is to ﬁnd out, whether
or not the control of the voltage across the PV modules can be achieved with the
inverter or if an intermediate dc-dc converter is preferable. This decision deﬁnes, if
the grid-connected electrical energy storage, such as a battery, can be attached to
the same dc-link voltage or not. For instance, if the voltage across the PV modules
at the highest temperature and lowest irradiation level under which it is supposed
to be controlled is less than required by (3.1), the boosting dc-dc conversion stage
is required. Note, that the same requirement applies to the batteries: The bi-
directional dc-dc converter is necessary if the battery terminal voltage is lower than
that required for the direct inverter connection. A battery system with high enough
minimum voltage (and power) can be chosen, for example, the same way as presented
in Fig. 3.5 for lithium-ion battery cells.
Since the dc-dc converter MPPT control of the PV voltage is speciﬁcally advanta-
geous under partial shading conditions due to less PV modules required in series,
the dc-dc converter is preferable for PV voltage control. This is assuming that the
total amount of mismatch losses is greater than the losses caused by the additional
conversion stage. Thus, in applications where partial shading conditions are typical,
the dc-dc converter is preferable for PV voltage control. Nevertheless, in order to
calculate the overall eﬃciency, the eﬃciency of the topology at each operating point
and the amount of time spent at that operating point should be considered.
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However, the inverter may be used to control the voltage across the PV modules
instead of the dc-dc converter. Thus, the losses caused by the dc-dc converter are
avoided and the topology is more eﬃcient. The single-stage inverter is especially
advantageous, if the MPPT speed and mismatch losses are not of concern. This is
the case, for example, if the irradiance stays at high levels even with ﬂuctuation
since the variation of the MPP voltage at high irradiance is relatively smaller than
at lower irradiance levels even when the irradiance varies (see Fig. 3.2 or Fig. 3.3).
Although, as mentioned, it is important that the minimum voltage across the PV
modules has to satisfy the requirement given in (3.1) to avoid overmodulation. Thus,
multiple modules are required in series. Since mismatch losses etc. are not an issue
for the battery current control, its control is more eﬃcient with the single-stage
inverter.
In addition, due to the cascaded control scheme of the inverter, where the dc-side
voltage is controlled in the outer loop and the ac-side current d-component in the
inner loop, the controller operates in a more eﬀective way if the input voltage does
not experience high ﬂuctuation. This is not the case if the inverter is used for
controlling the voltage across the PV modules instead of the dc-link voltage. As a
result, the ﬁltering requirements increase.
Finally, as demonstrated by performing real-time simulations with real irradiance
data, the battery can be used for intermittency mitigation to compensate the ﬂuc-
tuations in the PV power (power balance), thus providing constant power to the
grid. The converters used in the simulations were tuned based on their small-signal
models utilizing loop-shaping technique.
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APPENDIX A. THE REAL-TIME SIMULATION
SET-UP
The real-time simulations are conducted with the BoomBox control platform by Im-
perix, combined with the real-time emulator for hardware-in-the-loop (HIL) simula-
tion by Typhoon-HIL.The set up consists of a Typhoon HIL 402, which is in charge
of high-ﬁdelity real-time simulation, interfaced with Imperix's Boombox, which is
in charge of running the control code. A ﬁgure of the set-up is given below.
Figure 1 The real-time simulation set-up
